This paper presents results of an unique active absorber system for broad band vibration compensation where the used controller is based on an adaptive feedforward feedback control scheme. The experimental results show that an enhanced ride comfort can be achieved by eliminating fatigue from low frequency noise and vibrations.
Introduction
Recent trends towards smaller and lighter vehicles for better fuel economy and market expansion have i n troduced new challenges to the automotive NVH Noise Vibration Harshness engineers. Furthermore, as vehicle age, their vibration and noise level increase. In parallel, there has been a major increase in consumer awareness of long-term health impacts of exposure to high noise and vibration levels. Therefore, noise and vibration control have become a prime consideration in the general manufacturing industry, and more speci cally in automotive industries. Consumers demand automotive v ehicles with better sound quality and smoother ride. This is now t h e point that consumer perception is that "quieter machines have higher IQ." Increased attention to product quality has brought the issue of psycho acoustics to the automotive industry. T h us in the recent y ears, there has been a major increase of e ort in the design of noise and vibration characteristics of vehicles that would better appeal to the occupants. This paper presents some results from our years of research and development in the area of active adaptive noise and vibration control in transportation systems with speci c results from our activities related to automotive systems.
Noise and Vibration Control Techniques
Due to the physical and economical constraints, conventional techniques such as passive sound absorptive m aterials, mass tuned dampers, modi cation of engine and chassis design, etc., by themselves would not satisfy the requirements of producing a minimum weight v ehicle with an optimal fuel economy and high comfort level. Consider for example, an engine mount in order to limit engine movement, it is desired to have a v ery sti ness mount. However, to minimize transmission of engine vibrations into the passenger compartment, a very soft engine mount is required. These contradictory requirements have m a d e engine mount m a n ufactures to design passive vibration absorbers that provide an optimal compromise.
Current practice for reducing noise levels inside enclosures is to use such passive sound absorbing materials as ber linings, and acoustic foams. Since the required thickness of sound absorbing materials is proportional to the wave length and thus inversely related to the excitation frequency, then for low frequency noise in a vehicle less than 500 Hz, e.g. panel boom at 150 Hz, passive m a t erials of over a foot thick might be required. Such a thick sound treatment m a y not provide more than 5 dB noise reduction. Therefore, such passive noise and vibration treatments at low frequencies are physically unrealizable. Consequently, active control technologies has been investigated for low frequency noise and vibration control in automotive v ehicles.
The concept of active noise and vibration control was rst introduced more than 60 years ago by P aul Lueg 1 , and has since fascinated generations of engineers. However, it was not until the technology advances of the 1980's, that active noise and vibration systems become feasible. Active noise and vibration technique combines engineering areas of advanced control theory microprocessors and signal processing acoustics and vibrations.
Therefore, it was the advent of adaptive control techniques, digital signal processing DSP boards and fundamental understanding of noise and vibration control that resulted in major recent d e v elopments of the active control techniques. Active noise and vibration control systems that are currently available as commercial products or presented in literature are typically based on adaptive signal processing theory 2 or, equivalently, adaptive feedforward control theory 3 .
Active Absorber System
The concept of active vibro acoustic control in a vehicle using an active absorber is shown in Figure 1 . The objective of the active control system is to synthesize a waveform which is identical in magnitude, but 180 out of phase from the original noise or vibration signal, to create a destructive i n terference, thus nulling the e ect of incoming excitations. The main objectives for this vehicle study were: enhancement of ride comfort during idle conditions with respect to both acoustics and vibrations and reduction of interior noise level in the vehicle over the entire speed range.
Control Approach
The problem of active c o n trol of noise and vibrations has been a subject of much research in recent y ears. For an overview see e.g. 4,5,6 and the references therein. The main part of the published literature makes use of adaptive signal processing and ltering techniques. Adaptive feedback compensation 7 , in which the feedback l a w depends explicitly upon the error sensor output has found little application in the active noise and vibration control eld. The reason for this is called a mystery by F uller and Flotow 8 . However, in reality, required accuracy in phasing of the control signal and restriction in introducing energy to undesired frequency bands limit applications of feedback control algorithm.
From a control point of view, it can be realized that feedforward control provides the ability to handle a great variety of disturbance signals, from pure tone to a fully random excitation. However, the performance of feedforward control algorithms can be degraded if disturbances are not measurable in advance e.g. road or wind noise or the transmission path characteristics change rapidly. Contrarily, a feedback controller can be designed to be less sensitive to system perturbations. Robustness and performance, however, are con icting design requirements. Therefore, a feedback control can improve the robustness of a feedforward controller which is used to reject the disturbance itself 9 . On the other hand, a combined feedforward and high gain feedback control can improve both stability and robustness. This follows from the fact that disturbance rejection by the feedforward action can provide the exibility in using a lower closed loop feedback gain, which increases the stability margin. Due to this facts, our studies and developments have concentrated on combined "feedforward feedback" active noise and vibration control systems cf. Figure 4 . The experimental results presented in the next section are obtained by actual an implementation of such a control algorithm for details see 10,11 which has the following unique features: ability to handle broad band repetitive noise and vibration excitations fast tracking for adaptation to di erent excitations broad band control system with optimized control effort abilitiy to simultaneously control vibration and noise levels self learning for adaptation to primary and secondary path variations, sensor and actuator calibration.
As mentioned before, the controller has to be able to adapt to changes in its surroundings. This adaptation has to be very accurate, typically within 5 degrees in phase and 0.5 dB in amplitude. Thus, for highly time varying systems and for broad band excitations, tasks of requiring signals, performing on line system identi cation, and calculating the required optimal control input are major challenges. Therefore such c o n trol strategies could not have been realized without the advent of high speed digital signal processors.
Experimental Results
A diesel vehicle is equipped with two absorbers cf. Figure 3 and three sensors. One sensor near the engine gives a feedforward signal to the controller and the other two sensors, placed on the frame, are used as feedback sensors. Figure 5 shows experimental results for a test where the engine is accelerated at standstill. As shown, vibration levels on the frame, near the front engine mount are signi cantly reduced for all engine speeds. It is important to note that our goal is to reduce noise and vibration in the interior of the vehicle. Thus we have developed software tools that provide an optimal sensor actuator control con guration, as well as, a minimum number of required sensors and actuators such t h a t NVH characteristics of the vehicle at interior performance points are enhanced. This interior NVH optimization result can be observed from control ON OFF comparison of the accelerations at the steering wheel for standstill and driving condition, as shown in Figure 9 and 10.
It is well known that part of the transmitted vibration energy through the mounts, passes through the chassis and emanates in the vehicle passenger compartment i n the form of structure borne noise. Our developments have shown that the proposed active absorber system can also reduce structure borne interior noise. It is important t o note that the reduction is similar at both the driver and the passenger areas cf. Figure 11 and 12. 6 
Conclusions
Recent advances in the NVH design and analysis tools, development o f t h e l o w cost digital signal processors, and adaptive control theory have made active vibro acoustic systems a viable and economically feasible solution for low frequency problems in automotive v ehicles. Our unique approach o f i n tegrating adaptive feedforward and feedback control has enabled us to demonstrate applications of the active control technology for broad band harmonic excitations. This technology will provide the necessary solution for the introduction of light w eight, small size vehicles with the desired fuel economy. H o wever, it should be noted that even with high power signal processing hardware, there are are certain limitations by t h e p h ysics of the problem that restrict application of active control technology to low frequencies. Thus the complete solution to the noise and vibration problems can be obtained by i n tegration of passive and active systems. 
